Background: Transient balanced steady-state free-precession (bSSFP) has shown substantial promise for noninvasive assessment of coronary arteries but its utilization at 3.0 T and above has been hampered by susceptibility to field inhomogeneities that degrade image quality. The purpose of this work was to refine, implement, and test a robust, practical single-breathhold bSSFP coronary MRA sequence at 3.0 T and to test the reproducibility of the technique. Methods: A 3D, volume-targeted, high-resolution bSSFP sequence was implemented. Localized image-based shimming was performed to minimize inhomogeneities of both the static magnetic field and the radio frequency excitation field. Fifteen healthy volunteers and three patients with coronary artery disease underwent examination with the bSSFP sequence (scan time = 20.5 ± 2.0 seconds), and acquisitions were repeated in nine subjects. The images were quantitatively analyzed using a semi-automated software tool, and the repeatability and reproducibility of measurements were determined using regression analysis and intra-class correlation coefficient (ICC), in a blinded manner. Results: The 3D bSSFP sequence provided uniform, high-quality depiction of coronary arteries (n = 20). The average visible vessel length of 100.5 ± 6.3 mm and sharpness of 55 ± 2% compared favorably with earlier reported navigator-gated bSSFP and gradient echo sequences at 3.0 T. Length measurements demonstrated a highly statistically significant degree of inter-observer (r = 0.994, ICC = 0.993), intra-observer (r = 0.894, ICC = 0.896), and inter-scan concordance (r = 0.980, ICC = 0.974). Furthermore, ICC values demonstrated excellent intra-observer, inter-observer, and inter-scan agreement for vessel diameter measurements (ICC = 0.987, 0.976, and 0.961, respectively), and vessel sharpness values (ICC = 0.989, 0.938, and 0.904, respectively). Conclusions: The 3D bSSFP acquisition, using a state-of-the-art MR scanner equipped with recently available technologies such as multi-transmit, 32-channel cardiac coil, and localized B 0 and B 1 + shimming, allows accelerated and reproducible multi-segment assessment of the major coronary arteries at 3.0 T in a single breathhold. This rapid sequence may be especially useful for functional imaging of the coronaries where the acquisition time is limited by the stress duration and in cases where low navigator-gating efficiency prohibits acquisition of a free breathing scan in a reasonable time period.
Background
Coronary magnetic resonance angiography (CMRA), free of ionizing radiation, has provided a promising means for noninvasive assessment of coronary artery disease (CAD) [1] . Particularly, transient balanced steady-state free-precession (bSSFP) imaging [2] has shown substantial promise towards this goal. This sequence is often considered the method of choice for CMRA at 1.5 T [3] [4] [5] due to its high intrinsic blood signal intensity and bloodmyocardium contrast requiring no exogenous contrast agent administration [6, 7] . The increasing availability of MRI scanners with a static magnetic field (B 0 ) strength of 3.0 T and their ability to overcome some of the challenges of 1.5 T scanners have resulted in further efforts to develop 3.0 T CMRA techniques [8] [9] [10] . The increased magnetic field strength provides higher signal-to-noise ratio (SNR), which can be exchanged for faster imaging, improved spatial or temporal resolution. These improvements, however, often come with substantial drawbacks. High field strength results in more pronounced B 0 field inhomogeneities and radio frequency (RF) transmit field (B 1 +) distortions [11, 12] , both of which degrade image quality and increase tissue energy absorption limiting application of certain sequences. The bSSFP acquisition is especially susceptible to high field artifacts [13, 14] and its potential improvements in SNR and contrast-tonoise ratio are hampered by variable image quality at 3.0 T [15] . The bSSFP sequence is also reported to have inferior performance such as shorter arterial visible length, and higher inter-observer variability compared to conventional gradient echo techniques at 3.0 T, in contradiction to their relative performance at 1.5 T [16] . Modified bSSFP sequences have been recently developed for CMRA such as wideband bSSFP [17] , which allow for high field off-resonance artifact suppression. However these modified implementations also come with notable drawbacks such as longer scan time and lower SNR compared with the conventional bSSFP [17] . Alternate acquisition techniques such as radial bSSFP [18] have been reported to achieve an improved image quality and vessel sharpness compared to Cartesian bSSFP. However, adoption of these navigator-gated techniques with 7-12 minutes of scan time [18] is still quite limited at 3.0 T. In fact, the challenging implementation of high field bSSFP has led to utilization of spoiled gradient echo techniques at 3.0 T, sometimes requiring the use of exogenous contrast agents [19] .
Recent advances in hardware and software may nonetheless fill this gap and improve the previously mixed performance of bSSFP at 3.0 T. B 0 inhomogeneities linearly increase with field strength but can be sufficiently attenuated by localized second-order shimming and on-resonant frequency f 0 determination [20] . Parallel excitation with multi-channel RF transmit systems are reported to better manage RF power deposition and provide a more homogeneous B 1 + field, facilitating the desired RF excitation angles in the heart [21, 22] . A recent quantitative evaluation of B 1 + map before and after local RF shimming demonstrates that signal variations in cardiac bSSFP at 3.0 T are subject-specific. The study concludes that local RF shimming can significantly reduce such variations and improve the image quality of bSSFP at 3.0 T [23] . Additionally, the 32-channel phased-array coil provides an SNR increase of as much as 40% over conventional cardiac-optimized phased array coils, enhances image quality, and improves delineation of the coronary arteries [24] . Therefore, in this study, we aimed to utilize recently available advanced hardware and software to minimize the susceptibility offresonance artifacts and improve the image quality at 3.0 T, and implement a robust and accelerated single-breathhold bSSFP coronary methodology. Subsequently, we sought to evaluate the performance of the developed sequence as well as its reproducibility in humans. To the best of our knowledge, the inter-scan reproducibility of bSSFP sequence for CMRA has not been previously investigated at 3.0 T. This rapid sequence should be important for functional imaging of the coronaries where the acquisition time is limited by the stress duration [25] [26] [27] and in cases where low navigator-gating efficiency prohibits acquisition of a free breathing scan in a reasonable time period [3] .
Methods

Study population
Fifteen healthy adults with no history of cardiovascular disease and three patients with stable coronary artery disease (CAD), documented with at least one 50% lesion on clinically indicated cardiac catheterization within the prior six months, were enrolled in the study. All eighteen subjects underwent one CMRA examination. Additionally, eight volunteers and one patient underwent a second CMRA examination to study reproducibility of the bSSFP sequence. The subjects in the reproducibility sub-group were removed from the scanner after the first examination. They were returned to, and repositioned in, the scanner after a 15minute rest period and the complete examination was repeated. The protocol was approved by the Johns Hopkins Institutional Review Board and written informed consent was obtained from all participants.
CMRA protocol and transient bSSFP sequence
All the studies were performed on a commercial whole body 3.0 T MR scanner (Achieva R3.2, Philips Healthcare, Best, The Netherlands) equipped with multi-transmit system, vector electrocardiography triggering [28] , and a 32channel cardiac phased-array coil. The imaging protocol began with a multi-slice segmented k-space gradient echo scout scan in transverse, sagittal, and coronal views to identify the heart and the lung-liver interface for navigator localization. Next, a B 1 + calibration scan [29] was acquired for localized B 1 + shimming and a more homogeneous transmit field in the heart in the subsequent scans. The calibration scan was followed by a sensitivity encoding (SENSE) reference scan [30] . Subsequently, an axial mid-ventricular bSSFP cine scan was obtained during free breathing to visually identify the period of minimal coronary motion. The beginning of this stationary period was chosen as trigger delay for subsequent scans in the protocol. The cine scan was followed by a quick low spatial resolution free breathing navigator-gated and corrected whole-heart three-dimensional (3D) coronary localizer scan in the transverse plane. The three-point plan tool [31] was utilized on this scout scan for planning the subsequent 3D acquisitions. Next, a fast B 0 -map acquisition was performed allowing determination of localized second-order shim corrections and on-resonance f 0 frequency to improve B 0 field homogeneity and to reduce potential bSSFP offresonance artifacts in the coronary arterial tree [20] . Threedimensional CMRA acquisitions were then performed along the 3D track of the coronaries of interest using the volume-targeted bSSFP sequence with centric k-space profile ordering, and a half-Fourier-acquisition factor of 0.6. A half-alpha TR-half preparation pulse followed by 10 startup RF pulses were used to accelerate the approach to steady state [32] . A SENSE acceleration factor of 2.5 with an additional oversampling factor of 1.3 was used in the phase encoding direction. A spectrally selective saturation pulse preceded the data acquisition window for fat suppression. Scan parameters were the following: repetition/echo times were 3.9/1.9 ms, RF excitation angle 50°, standard Sinc-Gaussian RF pulse with time-bandwidth product of 6, fieldof-view 300 × 300 × 20 mm 3 , acquired voxel size 1.0 × 1.0 × 2.0 mm 3 , reconstructed voxel size 0.8 × 0.8 × 1.0 mm 3 , acquisition window 105 ms. The data were acquired during one breathhold for respiratory motion suppression. The duration of each acquired scan was recorded, and the total examination time was measured accordingly.
Image analysis
The analysis of bSSFP scans was performed along the entire visualized course of each artery using Soap-Bubble, a previously reported interactive coronary visualization and analysis tool [33] . Using visually identified points throughout the 3D track of coronaries and multi-planar reformatting of the 3D CMRA images, vessel length as well as average vessel diameter and sharpness within the visualized course of each artery were measured on each dataset, as previously described [33] .
To assess intra-observer variability, the first CMRA examinations in eighteen subjects were analyzed twice by observer 1 (SS) in a blinded manner. Additionally, blinded and independent analyses were performed in these scans by observer 2 (MS) to evaluate inter-observer variability. Furthermore, scans obtained during the second successive examination in nine volunteers were analyzed by observer 1 to measure inter-scan variability (the scans in the first examination were considered the reference standard). Care was taken to ensure that the vessel diameter and sharpness measurements were performed at the same anatomical levels, and for example, observer 1 reported to observer 2 the distance from the ostium where the semi-automated measurements began.
Statistical analysis
All datasets were included in the analysis, and results reported as mean ± one standard error of mean. Intra-observer (observer 1 repeat measurements, n = 20) and inter-observer (observer 1 vs. observer 2 measurements, n = 20), and inter-scan (first scan vs. repeat scan observer 1 measurements, n = 9) agreements were assessed using Pearson's correlation coefficient, Bland-Altman analysis and intra-class correlation coefficient (ICC) [34] , the proportion of total variability accounted for by the variability among observers. If the coefficient is high, it means only a small portion of the variability is due to variability in measurement on different occasions; hence, the reproducibility is high. A p-value < 0.05 was considered statistically significant in all analyses.
Results
All 18 subjects (age 21-75 years (mean ± SD: 38 ± 18); 8 women) including the 3 CAD patients (age 65-75 years (mean ± SD: 71 ± 5); 1 woman) successfully completed the CMRA examination. All subjects were in stable sinus rhythm and the average heart rate was 70 ± 12 beats per minute. A total of 20 coronary arteries (right coronary artery (RCA): n = 15; left anterior descending (LAD): n = 5) were imaged. Additionally, 9 subjects completed a repeated examination (8 healthy, age 21-51 years (mean ± SD: 30 ± 9); 1 patient, age 72 years) and their 9 coronary arteries (RCA: n = 7; LAD: n = 2) were successfully imaged twice. The total duration of each examination including the acquisition of scouts, reference, and calibration scans as well as geometry planning was 13 ± 3 minutes. The average duration of the low resolution scout MRA scan, acquired with respiratory navigator-gating, was 76 ± 15 sec (n = 18). The total duration of B 1 and B 0 calibration scans as well as the time required for local determination of on-resonant f 0 were 1-2 minutes. Localization of each coronary artery of interest took 2-3 minutes, and the duration of each bSSFP sequence was 20.5 ± 2.0 seconds. Figure 1 shows examples of multi-planar reformatted [33] images of RCA and LAD in (A) three volunteers and (B) one patient with a 50-70% lesion at the diagonal branch of the LAD, as identified on a diagnostic x-ray angiogram. Figure 2 illustrates an example of the proposed breathhold acquisition and its navigator-gated and -corrected counterpart with the same spatial resolution and coverage in a 52-year-old healthy man. Using SENSE factor of 1.5 in the phase-encode direction and no half-Fourier acquisition, the free-breathing scan was completed in 3 minutes and 44 seconds (average navigator efficiency = 24%, gating window = 5 mm).
The single breathhold approach achieved an average visualized vessel length of 100.5 ± 6.3 mm (n = 20), which was used for quantitative analysis of vessel sharpness and diameters as shown in Table 1 . The mean vessel diameter was 2.8 ± 0.1 mm averaged over the visualized length of coronary arteries and 3.1 ± 0.1 mm for the proximal 4 cm segment. Mean vessel sharpness was 55 ± 2% over the visualized coronary length and 56 ± 2% in the proximal 4 cm segment (Table 1) . Figure 3 shows examples of multi-planar reformatted images of RCA and LAD obtained during separate scanning sessions in two healthy volunteers. The mean vessel length (original and repeat values) for the subjects who underwent the scans twice measured 95.7 ± 10.5 mm and 98.2 ± 9.5 mm, respectively (p = 0.298). In this subset of volunteers, the average diameter of coronary arteries was measured 2.7 ± 0.1 mm and 2.8 ± 0.1 mm in the original and repeat examinations, respectively (p = 0.609). Average vessel sharpness values from the two scans were also found in strong concordance (original: 55 ± 3%, repeat: 54 ± 3%; p = 0.269) between the reference and repeated analyses of observer 1 as well as the reference analysis of observer 1 and the analysis of observer 2 were excellent for vessel length, diameter and vessel sharpness measurements (Table 1) . Using Pearson's correlation coefficient, there was a highly statistically significant intra-observer (r = 0.994, R 2 = 98.9%, SE = 0.28), inter-observer (r = 0.894, R 2 = 80.0%, SE = 1.36) and inter-scan (r = 0.980, R 2 = 96.1%, SE = 0.60) agreement for vessel length measurements. The results of the Bland-Altman analysis demonstrating intra-observer, inter-observer, and inter-scan agreements are shown in Figure 4A , B and C. Additionally, ICC values demonstrated a high degree of intra-observer, interobserver, and inter-scan concordance for length measurements (ICC = 0.993, 0.896, and 0.974, respectively). Similarly, a large degree of agreement was observed for mean vessel diameter measurements (intra-observer: r = 0.990, R 2 = 98.0%, SE = 0.05, ICC = 0.987; interobserver: r = 0.977, R 2 = 95.5%, SE = 0.08, ICC = 0.976; intra-scan: r = 0.959, R 2 = 92.0%, SE = 0.14, ICC = 0.961). Figure 4D ,E and F illustrate the Bland-Altman analysis results for diameter measures. Lastly, vessel sharpness values revealed high degree of reproducibility as well (intra-observer: r = 0.993, R 2 = 98.7%, SE = 0.88, ICC = 0.989; inter-observer: r = 0.953, R 2 = 90.8%, SE = 2.00, ICC = 0.938; intra-scan: r = 0.932, R 2 = 86.9%, SE = 3.68, ICC = 0.905). Figure 4G , H and K summarize the results of Bland-Altman analysis for vessel sharpness measurements.
Discussion
Fat saturated, segmented bSSFP imaging has been widely used in cardiac MR imaging because it produces images with inherently higher signal and contrast than conventional gradient echo counterparts, and it does not require the administration of contrast agents to yield improved SNR and spatial resolution. bSSFP at 1.5 T has been evaluated in healthy and patient populations with Xray angiographic correlation, and reported to noninvasively detect CAD with high sensitivity [4, 5] . Higher field MR systems offer a theoretically higher SNR, which can be traded for higher spatial resolution or reduced imaging time and thereby reduced motion artifacts, all of which are especially important in coronary imaging. However, high field cardiac imaging entails some major restrictions such as increased RF power deposition and susceptibility-related field inhomogeneities. Because of these limitations, conventional bSSFP imaging in particular has inferior quality and higher variability at higher fields [15, 16] , which has led to readoption of conventional gradient echo sequences, often requiring administration of contrast agents for a sufficient blood-myocardium contrast [9, 19, 35] . This study demonstrates that advances in MR hardware and software can address the shortcomings of 3.0 T bSSFP imaging and provide a step forward to a more robust, reproducible, and fast technique with a high intrinsic contrast for 3D imaging of human coronary arteries at higher fields. The MR scanner, used in this study, equipped with a 32-channel phased-array coil and multi-transmit system allowed volume targeted acquisition of 3D images in a single breathhold. 32-channel phased-array coils are reported to have significantly improved SNR and geometry factor, which facilitate use of large parallel imaging acceleration factors [36] . Second-order shimming, reported to be considerably more effective than linear shimming [20] , was applied for suppression of B 0 field inhomogeneities, and on-resonant frequency was determined at the level of the coronary arteries. Multi-transmit technology and localized RF shimming were integrated with higher order shimming and utilized to obtain proper knowledge of the B 1 +−field and accurate estimation of SAR [22] . Although we did not perform a quantitative analysis of the B 1 +−field, subjectspecific B 1 shimming has been shown to significantly enhance the homogeneity of the local field and to achieve more accurate excitation angles [23] . These refinements have been reported to improve the quality of cardiac bSSFP imaging with respect to image homogeneity, diagnostic confidence, and off-resonance artifacts [22] . Combined with parallel imaging and half-Fourier-acquisition imaging of a 300 × 300 × 20 mm 3 volume with acquired voxel size of 1.0 × 1.0 × 2.0 mm 3 was supported. This spatial coverage and resolution compared equally or favorably with the prior volume-targeted implementations of bSSFP [15] [16] [17] and the common gradient echo sequences at 3.0 T [10, 16] , as well as with the well-tested volumetargeted implementations of bSSFP at 1.5 T [4, 37, 38] . The single-breathhold scan with an average duration of 20.5 seconds, was comfortably tolerated by all subjects and achieved with an acquisition window of 105 ms. This temporal resolution too compared favorably with the previously reported single-breathhold implementations of bSSFP with similar spatial resolution and coverage at 1.5 T as well as 3.0 T (acquisition window between 108-150 ms [4, 15, 17] ).
The present implementation of the bSSFP sequence provided high-quality images of arterial lumen with enhanced contrast. The average vessel sharpness of 55 ± 2% compared favorably with bSSFP imaging at 1.5 T as well as gradient echo imaging at 3.0 T (average reported sharpness ranging between 40-46% [37, 39] ). Reproducible assessment of arterial lumen was provided within a long continuous segment of the vessels with an average visualized vessel length of 100.5 ± 6.3 mm, which too compared favorably with standard bSSFP sequences at 1.5 and 3.0 T (average visible length ranging between 50.0-95.0 mm [4, 16] ). The mean vessel diameter imaged by this technique was consistent with what has been published in literature for similar cohorts.
Although, the bSSFP sequence has been shown to be a highly reproducible technique for quantitative assessment of major coronary arteries at 1.5 T [37] , to the best of our knowledge the reproducibility of this technique at higher fields has never been fully investigated. This study demonstrated that the present 3D bSSFP protocol has a very high degree of concordance in repeat measures of vessel length, diameter, and sharpness (Table 1) with no significant difference between the two observers or the two scans. A comparison of variability in diameter measures reveals that the intra-observer, inter-observer, and inter-scan ICC values from the current study (0.987, 0.976, and 0.961, respectively) are higher than the reported values from 3D bSSFP at 1.5 T (intra-observer, inter-observer, and interscan ICC values ranging between 0.89-0.98, 0.89-0.98, and 0.63-0.86, respectively [37] ).
These results suggest that single-breathhold 3D bSSFP, successfully tested in healthy volunteers and CAD patients within a diverse age group (ranging between 21-75 years), provides a highly reproducible technique at 3.0 T, with a high spatial resolution and a well-defined time requirement. This rapid approach may facilitate functional 3D CMRA studies during stress conditions [25] , which are currently conducted with 2D techniques. Furthermore, it can provide an appealing alternate in cases where the navigator-gated free-breathing counterparts, relying on breathing patterns and diaphragm position, result in prolonged and sometimes unpredictable scanning time. In the worst case, the low navigator efficiency may lead to unsuccessful imaging sessions [3] . In this study, the bSSFP sequence was tested in a targeted volume, which requires prescription of a separate 3D volume along each major coronary artery by a skilled operator. This usually adds about 2-3 minutes of planning per coronary artery to the imaging session. In comparison, whole-heart CMRA considerably improves both volumetric coverage and procedural ease-of-use and can be completed in 7-12 minutes of free-breathing scan time [18] . Nevertheless, volumetric-targeted CMRA continues to be a valuable alternate at higher fields [40] . Yet, it would be important in future work to determine whether the present singlebreathhold bSSFP sequence could be adapted to a wholeheart approach. With higher volumetric coverage, scanning time naturally increases if the spatial and temporal resolution remain constant, but it offers the opportunity to exploit 2D rather than 1D SENSE [41] . The boundaries of this strategy remain to be explored in this context but provide a promising opportunity to extend this technique for enhanced volumetric coverage. Clinical evaluation of this current technique and assessment of its diagnostic accuracy also remain to be systematically investigated in a larger cohort of patients with coronary artery disease.
Limitations
One limitation to this study is that the imaging sequence was not evaluated in both the right and left coronary systems in every volunteer. The coronary artery that was best visualized on the whole-heart scout scan was selected for imaging and when visual image quality was equivalent for the RCA and the LAD, both arteries were selected for imaging.
